experimental programmes can only achieve sensitivity to effects that are linear in the Planck length 8,14±18 ; thus LISA's capability to reach L 2 P sensitivity' will mark the beginning of another signi®cant phase in the search of quantum properties of space-time.
. Because of unavoidable noise in the quantum communication channel, the entanglement between two particles is more and more degraded the further they propagate. Entanglement puri®cation 4±7 is thus essential to distil highly entangled states from less entangled ones. Existing general puri®cation protocols 4±6 are based on the quantum controlled-NOT (CNOT) or similar quantum logic operations, which are very dif®cult to implement experimentally. Present realizations of CNOT gates are much too imperfect to be useful for longdistance quantum communication 8 . Here we present a scheme for the entanglement puri®cation of general mixed entangled states, which achieves 50 per cent of the success probability of schemes based on the CNOT operation, but requires only simple linear optical elements. Because the perfection of such elements is very high, the local operations necessary for puri®cation can be performed with the required precision. Our procedure is within the reach of current technology, and should signi®cantly simplify the implementation of long-distance quantum communication.
Within the¯edgling ®eld of quantum information 9 , quantum communication has recently received much experimental attention. Entangled photons have been used to experimentally demonstrate dense coding 10, 11 , teleportation 12±14 and quantum cryptography 15±17 . Although these schemes are realizable for moderate distances (up to a few kilometres in the case of cryptography), serious problems occur beyond this distance scale. One of the problems is the absorption of photons in the transmission channel. Because quantum states cannot be copied 18 , the only way to solve this problem is by sending large numbers of photons. Nevertheless, photons still seem to be the best carriers of quantum information over long distances.
Another problem is that the quality of the entangled states generally decreases exponentially with the channel length. However, all the above protocols require that two distant parties, usually called Alice and Bob, share entangled pairs of high quality. Fortunately, various entanglement puri®cation schemes have been suggested 4±7 , by which Alice and Bob can generate a certain number of almost perfectly entangled pairs out of a larger number of less-entangled pairs using local operations and classical communication, whose precision is independent of the imperfection of the quantum channel.
To show how entanglement puri®cation works, the scheme introduced by Bennett et al. 4 is illustrated in Fig. 1 . The most important practical drawback of this scheme is that it requires the CNOToperation. In fact, the same is true for all known puri®cation schemes working for general mixed entangled states. Although certain quantum logic gates have been experimentally demonstratedÐfor example, in ion traps 19 and high-®nesse microwave cavities 20 Ðthere is at present no implementation of CNOT gates that could realistically be used for puri®cation in the context of long-distance quantum communication, where the probability of errors caused by the CNOT operation must not exceed a few per cent 8 . This is far outside the range of the present implementations. Implementing puri®cation following a recent proposal for realizing the CNOT operation with linear optics 21 is also beyond the reach of current technology. We show here how this problem can be overcome by a general puri®cation method that does not rely on the CNOT operation.
We consider qubits implemented as the polarization states of photons. We denote the state of a horizontally polarized photon by |Hi, and the state of a vertically polarized photon by |Vi. In the usual quantum information terminology, |Hi and |Vi correspond to |0i and |1i.
Our puri®cation scheme is based on a simple optical element, the polarizing beam splitter (PBS). Figure 2 shows how a PBS can be used to project two photons propagating in two different spatial modes into the subspace where they have equal polarization in the basis de®ned by the PBS. This is achieved by selecting only those events where there is one, and only one, photon in each output mode of the PBS.
We start the explanation of our puri®cation scheme (shown in Fig. 3 ) by discussing a speci®c example. Suppose that Alice and Bob would like to share photon pairs in the speci®c maximally entangled state
where the photons at Alice's and Bob's locations are denoted by a and b, respectively. Further suppose that before puri®cation the pairs they share are all in the mixed state
where jW i ab 1=Î2jHi a jVi b jVi a jHi b ; that is, there is an admixture of the unwanted state jW i ab . We note that in the state jF i ab the two photons have equal polarization, while in the state jW i ab they have opposite polarization in the H/V basis. Here we assume the special form of equation (2) for simplicity only. The generality of our scheme will be proved later on.
Our proposed scheme is rather analogous to that of Bennett et al. 4 . We also proceed by operating on two pairs at the same time. The main difference between Fig. 3 and Fig. 1 is that now each CNOT gate is replaced by a PBS. An essential step in our puri®cation scheme is to select those cases where there is exactly one photon in each of the four spatial output modes, which we will refer to as four-mode cases' . As explained above, this corresponds to a projection onto the subspace where the two photons at the same experimental station (Alice's or Bob's) have equal polarization. We note that the polarizations at the two stations do not have to be the same.
From equation (2) it follows that the original state of the two pairs can be seen as a probabilistic mixture of four pure states: with a probability of F 2 , pairs 1 and 2 are in the state jF i a1b1 ×jF i a2b2 , with equal probabilities of F1 2 F in the states jF i a1b1 ×jW i a2b2 and jW i a1b1 ×jF i a2b2 , and with a probability of 1 2 F 2 in jW i a1b1 ×jW i a2b2 . The cross-combinations jF i a1b1 ×jW i a2b2 and jW i a1b1 ×jF i a2b2 never lead to four-mode cases. This is because the two entangled photons have equal polarization in the state jF i ab while they have opposite polarization in the state jW i ab . Therefore, if the polarizations on Alice's side are equal, the polarizations on Bob's side must be opposite, and vice versa. Thus, by selecting only four-mode cases we can eliminate the contribution of the cross terms. This is the basic principle of our puri®cation method.
We now consider the two remaining combinations jF i a1b1 ×jF i a2b2 and jW i a1b1 ×jW i a2b2 . Let us ®rst discuss the jF i a1b1 ×jF i a2b2 case. In Fig. 3 we show that following our protocol Alice and Bob will get the state jF i a3b3 whenever there is exactly one photon in each output mode, that is, with a probability of 50%. In the jW i a1b1 ×jW i a2b2 case, following the same procedure Alice and Bob will project the remaining two photons a3 and b3 into the state jW i a3b3 with a probability of 50%.
Because the probabilities for jF i a1b1 ×jF i a2b2 and jW i a1b1 ×jW i a2b2 are F 2 and 1 2 F 2 , respectively, after performing the puri®cation procedure Alice and Bob will obtain the state |F One pair of higher entanglement is created starting from two less-entangled pairs, where one member of each pair has been sent to Alice, and the other one to Bob. Both Alice and Bob perform a controlled-NOT (CNOT) operation on the two particles at their locations. Then they measure the particles belonging to the target pair in the computational basis (that is, the 0/1 basis) and compare the measured results via classical communication. If these results are the same, then the remaining pair will have a higher degree of entanglement than the original two pairs, provided that the quality of the original pairs was suf®ciently high 4 . Therefore in this case they keep the source pair. In the case of obtaining opposite results, they discard it. By repeating the same procedure, always starting from the pairs produced in the former puri®cation step, it is possible to distil pairs of arbitrarily high entanglement quality. The higher the quality desired, the more original lessentangled pairs are needed. Figure 2 Using a polarizing beam splitter as a polarization comparer. a, The polarizing beam splitter (PBS) transmits horizontal, and re¯ects vertical, polarization. This means, for example, that a vertically polarized photon incident along direction 1, denoted by jV i 1 , goes out along direction 3; that is, the state jV i 1 is transformed into jV i 3 by the action of the PBS. Similarly, jH i 1 goes to jH i 4 , jH i 2 goes to jH i 3 and jV i 2 goes to jV i 4 . b, Now consider two photons incident simultaneously, one in each input mode, with equal polarizationÐthat is, in the state jH i 1 jH i 2 (top) or jV i 1 jV i 2 (bottom). Then they will always go out along different directions, so there will be one photon in each of the two output modes. c, On the other hand, if the two incident photons have opposite polarizationÐthat is, one is V-and the other is H-polarizedÐthen they will always go out along the same direction, so there will be two photons in one of the two outputs and none in the other. In b, the two photons have been both transmitted or both re¯ected. This implies that ®nding one photon in each output mode corresponds to a projection onto the subspace spanned by jH i 1 jH i 2 and jV i 1 jV i 2 . Ultimately, the emerging photons will not be measured in the H/V basis, but such that a coherent superposition of jH i 1 jH i 2 and jV i 1 jV i 2 results. This feature of the PBS, which was ®rst described in ref. 27 , has been used in the observation of multi-photon entanglement 22, 23 , and also in recent proposals for spin-¯ip-error correction 28 and entanglement concentration 29 in quantum communication. The PBS is also important in the simulation of quantum computation by linear optics 30 .
probability
with a larger fraction F9 F 2 =F 2 1 2 F 2 . F (for F . 1=2) of pairs in the desired state jF i ab than before the puri®cation. This concludes our discussion of puri®cation for states of the form of equation (2) . To show that our scheme also works for general input states, we now analyse in more detail the relation between our scheme and that of ref. 4 .
There is a close formal correspondence between our puri®cation scheme and the scheme of Bennett et al. 4 Together with the subsequent measurements, the CNOT gates in ref. 4 in fact serve the same purpose as the PBSs in our procedure: they are used by Alice and Bob to determine whether the states of the two qubits at their respective locations are equal or opposite. From the logic table of the CNOT operation (00 ! 00, 01 ! 01, 10 ! 11 and 11 ! 10), it follows that after the operation the target particle (that is, the second) is in state 0 if originally the two particles were in equal states, and is in state 1 if they were in opposite states. In the protocol of ref. 4 , after the CNOT operations on both sides Alice and Bob measure their target particles and keep the source pair if the target particles are both in state 0 or both in 1. This means that the source pair is kept in two cases: ®rst, when the two particles on Alice's side were in equal states, and the two particles on Bob's side were also in equal states (this corresponds to the case where both targets are in 0), and second, when the two particles on Alice side were in opposite states, and the two particles on Bob's side were also in opposite states (this corresponds to the case where both targets are in 1). In these two cases, the state of the source pair will have higher entanglement than before.
The selection of four-mode cases behind the two PBS in our scheme exactly corresponds to the ®rst case above: coincidences behind a PBS imply that the polarizations of the two incoming photons were equal. There is full formal equivalence between the two schemes, apart from one fact: in our scheme we cannot make use of the second case above. This means that for identical inputs the two procedures lead to identical outputs in the case of success, but the success probability in our case is only half as large as in the case of ref. 4 . The formal equivalence of the two schemes also implies that the threshold ®delity required in order for the puri®cation to work is the same for both, namely F 1=2. Furthermore, it is now clear that general mixed input states can also be puri®ed in our scheme by using the methods described in ref. 4 , that is, by additional bilateral local operations on individual pairs. We note that our method can also be used to realize a variant of the scheme of ref. 5 , which is more ef®cient than the scheme of ref. 4 . Again the success probability is lower by a factor of 2. This is a drawback of our PBS-based scheme as it increases the number of required original entangled pairs. However, for the quantum repeater protocol 8 , this increase scales only polynomially with the channel length.
We have described a full entanglement puri®cation method that works for general mixed entangled states and does not require the CNOT operation. It only requires a parity measurement, which is non-destructive for the desired outcome. Let us now discuss the requirements for its experimental realization. Good overlap of the independently generated photons incident on each PBS is needed to erase the path information in order to make sure that the description of Fig. 2 is valid. This has been achieved in previous experiments 12, 13, 22, 23 . An optimal realization of our scheme requires highly ef®cient detectors, able to distinguish between one and two photons, such that no photons are lost. Then it would be possible to infer from detections of exactly one photon each in modes a4 and b4 that there is one photon each in modes a3 and b3. However, our scheme can even be realized using detectors with limited ef®ciency, and which are not able to distinguish between photon numbers. The four-mode cases can be selected a posteriori using coincidence detection among all output modes. The inef®ciency of the detectors only leads to a reduction in the overall yield, but not in the quality of the entangled pairs in modes a3 and b3. We could imagine having several subsequent puri®cation steps. The cases where photons are missing in the output modes a3 and b3, although there was a coincidence between a4 and b4, only lead to a reduction of the ef®ciency of the scheme. Again, this reduction only leads to a polynomial increase in the number of pairs required for the repeater protocol. We expect that using better photon detectors, which are currently being developed 24 , and fast electro-optic feed forward it will be possible to reduce these losses signi®cantly, because then one would only proceed with the protocol when pairs are actually present.
So far, we have considered the case where it is known that at most one pair of photons is present in each of the original pairs of modes a1-b1 and a2-b2. However, the best source of entangled photons at present is spontaneous parametric down-conversion, which produces a thermal distribution of pairs, so that sometimes two pairs are emitted into the same pair of modes. This means that there are amplitudes for the photons in the four-mode case to have originated from the same source. However, by adding all relevant amplitudes coherently as described above, it is possible to see that our protocol is still successful in this situation. Although the pair production rates of current down-conversion sources are rather low, an experimental veri®cation of our protocol with two pairs is readily achievable. It is clear that for more elaborate puri®cation protocols involving many steps at different locations, a high-intensity source of entangled photon pairs is necessary. Substantial progress in this direction is expected: for example, improvements by several orders of magnitude were recently achieved using waveguide-enhanced down-conversion 25, 26 . Protocols for true long-distance quantum communicationÐ such as those used in quantum repeaters 8 Ðimpose strict precision Alice Figure 3 Our puri®cation scheme using polarizing beam splitters. In a similar fashion to the scheme of Fig. 1 , we start with two pairs shared by Alice and Bob who superimpose their photons on a PBS. They keep only those cases where there is exactly one photon in each output mode. Alice and Bob perform a polarization measurement in the 458 basis in modes a4 and b4. Depending on the results, Alice performs a speci®c operation on the photon in mode a3. After this procedure, the remaining pair in modes a3 and b3 will have a higher degree of entanglement than the two original pairs. To explain our protocol in detail, we consider the case where both pairs are in the state jF i, which occurs with a probability of F 2 in our example. For the state jF i a1b1 ×jF i a2b2 , considering only those cases for which one, and only one, photon is ®nally found in modes a4 and b4 results in the state 1=2jHi a3 jHi a4 jHi b3 jHi b4 V i a3 jV i a4 jV i b3 jV i b4 . This shows that the probability for a four-mode case is 50%. Alice and Bob can then generate maximal two-photon entanglement between the output modes a3 and b3 out of the four-photon entanglement by performing polarization measurements on each of the two photons at a4 and b4 in the +/-basis and comparing their results, where j i 1=Î2jH i jV i and j 2 i 1=Î2jH i 2 jV i. If the measurement results at a4 and b4 are the sameÐthat is j ij i or j 2 ij 2 iÐthen the remaining two photons at a3 and b3 are left in the state jF i a3b3 . If the results are opposite, namely j ij 2 i or j 2 ij i, then the remaining two photons are left in the state jF 2 i a3b3 1=Î2jH i a3 jH i b3 2 jV i a3 jV i b3 . In the second case, Alice can simply perform a local phase¯ip operation on her remaining photon to convert the state jF 2 i a3b3 back into jF i a3b3 .
requirements on the local operations. Following our scheme, error probabilities at the one per cent level can be achieved with present technology. In particular, the precision of linear optical elements such as PBS can be extremely high, with errors as low as one-tenth of one per cent or even less. Finally, we emphasize that there is an enormous difference in the experimental effort required between implementing the CNOT operation and overlapping two photons on a PBS. We believe that the present proposal might be a vital ingredient in the future realization of long-distance quantum communication.
M
Solid electrolytes are a class of materials in which the cationic or anionic constituents are not con®ned to speci®c lattice sites, but are essentially free to move throughout the structure. The solid electrolytes AgI and Ag 2 Se (refs 1±7) are of interest for their use as additives in network glasses 8±12 , such as chalcogenides and oxides, because the resulting composite glasses can show high electrical conductivities with potential applications for batteries, sensors and displays. Here we show that these composite glasses can exhibit two distinct types of molecular structuresÐan intrinsic phase-separation that results in a bimodal distribution of glass transition temperatures, and a microscopically homogeneous network displaying a single glass transition temperature. For the ®rst case, the two transition temperatures correspond to the solid-electrolyte glass phase and the main glass phase (the`base glass'), enabling us to show that the glass transition temperatures for the AgI and Ag 2 Se phases are respectively 75 and 230 8C. Furthermore, we show that the magnitude of the bimodal glass transition temperatures can be quantitatively understood in terms of network connectivity, provided that the Ag + cations undergo fast-ion motion in the glasses. These results allow us to unambiguously distinguish base glasses in which these additives are homogeneously alloyed from those in which an intrinsic phase separation occurs, and to provide clues to understanding iontransport behaviour in these superionic conductors.
The electrical conductivity of AgI becomes very high (1 Q -1 cm -1 ) at temperatures greater than 147 8C in the high-temperature phase (a-phase), when Ag + ions become mobile and contribute to fast-ion conduction 1 . In the companion iodide, RbAg 4 I 5 , fast-ion conduction occurs at room temperature 2 , and the material has found applications as a solid electrolyte in portable batteries for heart pacemakers. The solid electrolytes AgI and Ag 2 Se have also received widespread 3±7 attention as additives in network glasses, particularly chalcogenides and oxides, because of the unprecedented increase in conductivities of up to 10 -1 Q -1 cm -1 with minuscule activation energies of 0.25 eV at room temperature. The microscopic origin of such behaviour has been the subject of continued investigations 3±7 , although a consensus on the subject has yet to emerge. New insights into glass structure have recently emerged from compositional trends in glass transition temperature (T g ) that serve as a global measure of network connectivities 8 . Here we show that when the electrolytes Ag 2 Se and AgI are added to chalcogenide base glasses, these electrolyte glasses in certain cases can display distinct glass transition temperatures (T g ). Constraint counting algorithms 9 reveal that the observed T g values here provide a quantitative measure of network connectivity. The microscopic origin of glass formation is traced to Ag + acting as a fast diffuser, lowering the effective count of lagrangian bonding constraints 9 per atom (n c ), and promoting glass formation.
We have examined glass transitions in pseudobinary A x B 1-x glassesÐwhere A indicates additive (AgI or Ag 2 Se) and B indicates chalcogenide base glass (GeSe 4 or As 2 Se 3 )Ðusing temperaturemodulated differential scanning calorimetry (MDSC). Syntheses of the glasses are described in Methods. Some of these glasses are found to be intrinsically phase-separated 10 (case I), and display bimodal T g valuesÐone ascribed to the base glass and the other to the additive solid-electrolyte glass phase. But some glass systems (case III) occur in which the additive and base materials
